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ABSTRACT
We perform a large suite of direct N-body simulations aimed at revealing the location of
the progenitor, or its remnant, of the GD-1 stream. Data from Gaia DR2 reveals the GD-1
stream extends over ≈ 100◦, allowing us to determine the stream’s leading and trailing ends.
Our models suggest the length of the stream is consistent with a dynamical age of between 2-3
Gyr and the exact length, width and location of the GD-1 stream correspond to the stream’s
progenitor being located between −30◦ < φ1,pro < −45◦ in the standard GD-1 coordinate
system. The model stream density profiles reveal that intact progenitors leave a strong over-
density, recently-dissolved progenitors appear as gaps in the stream as escaped stars continue
to move away from the remnant progenitor’s location, and long-dissolved progenitors leave no
observational signature on the remaining stream. Comparing our models to the GD-1 stream
yields two possible scenarios for its progenitor’s history: a) the progenitor reached dissolution
approximately 500 Myr ago during the cluster’s previous perigalactic pass and is both located
at and responsible for the observed gap at φ1 = −40◦ or b) the progenitor reached dissolution
over 2.5 Gyr ago, the fully-dissolved remnant is at −30◦ < φ1 < −45◦, and an observational
signature of its location no longer exists. That the dissolved progenitor is in the range −30◦ <
φ1 < −45◦ implies that density fluctuations outside of this range, e.g., a deep gap at φ1 ≈ −20◦,
are likely produced by compact baryonic or dark-matter perturbers.
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1 INTRODUCTION
Star clusters form an important component of the stellar distribu-
tion of galaxies. As they orbit within their host galaxy’s gravita-
tional potential, tidal forces strip away the most weakly-bound stars
and escaped stars continue along the cluster’s orbital path with or-
bital energies that are either slightly lower or slightly higher than
their progenitor cluster. As stars are stripped over the history of the
cluster, a stellar stream forms that is kinematically cold. Many such
cold stellar streams are observed in the Milky Way (see Grillmair &
Carlin (2016) for a recent review). The fact that interstellar forces
within a stream are near negligible means that the stream’s track
effectively traces out the stream’s orbit, making them highly useful
in mapping out the gravitational potential of galaxies like the Milky
Way (e.g., Bovy et al. 2016).
With some stellar streams spanning tens of degrees across
the sky, which can translate into having lengths of several kilo-
parsecs, streams have a high-cross section for interacting with the
various forms of substructure in the Galaxy. This feature has led
to streams being one of the most often used tools in the search
for evidence of the existence of dark matter sub-halos, which the
? E-mail: webb@astro.utoronto.ca (JW)
Cold Dark Matter framework predicts should make up between
0.1 % and 10 % of the dark matter density in the Galaxy, depend-
ing on the stream’s Galactocentric distance (Diemand et al. 2008;
Springel et al. 2008). Theoretical models predict that a sub-halo
passing through a stream will create a kinematic perturbation along
the stream at the sub-halo’s crossing point. If the interaction has oc-
curred recently enough, then the local velocity dispersion of stars
should be higher than those along the stream. Over time, a visi-
ble under-density in stars along the stream will form as stars move
away from where the sub-halo crossed the stream (e.g., Johnston
et al. 2002; Ibata et al. 2002; Carlberg 2009; Erkal et al. 2016;
Sanders et al. 2016; Bovy et al. 2017; Carlberg 2017). Hence stream
gaps can be used as a tracer for the properties of dark matter sub-
structure in the Milky Way (Yoon et al. 2011; Carlberg 2012; Erkal
& Belokurov 2015a,b; Bovy 2016; Carlberg 2016; Bovy et al.
2017; Banik et al. 2018).
Unfortunately, dark matter sub-halo interactions are not the
only perturbing objects that can create a gap along a stellar stream.
Interactions with giant molecular clouds, the Galactic bar, spiral
arms, perigalactic passes, and disc passages have been shown to
also affect the properties of stellar streams (e.g., Amorisco et al.
2016; Pearson et al. 2017; Banik & Bovy 2018). The progenitor
cluster from which the stream formed will also leave a signature
c© 2018 The Authors
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along the stream’s track in the form of either an over-density—
if the cluster has yet to fully dissolve—or an under-density—as
stars continue to move away from where the cluster would be had
it not dissolved. Hence it is important to identify the location of a
stream’s progenitor and the effects of other perturbers before using
a stream to study dark matter substructure.
The GD-1 stream, first discovered by Grillmair & Dionatos
(2006), is perhaps one of the most heavily studied stellar streams
due to the fact that it spans approximately 80◦ across the sky and is
located close to the Sun ( 10 kpc) while remaining quite narrow ( 2◦
or 70 (pc)), making it easily identifiable in observational surveys
(Carlberg & Grillmair 2013; Price-Whelan & Bonaca 2018). Along
the stream’s track there exists a series of gaps and over-densities
(Koposov et al. 2010; Carlberg & Grillmair 2013; Price-Whelan &
Bonaca 2018; de Boer et al. 2018) that may be due to interactions
with dark-matter substructure. Recently it was suggested that an
off-stream spur of stars also exists, indicating a possible interac-
tion between the stream and a dark-matter sub-halo (Bonaca et al.
2018). Unfortunately, studies that use the properties of the GD-1
stream to place constraints on the dark matter substructure fraction
of the Milky Way are limited by the fact that the location of GD-1’s
progenitor cluster or progenitor remnant remains unknown.
GD-1 is traditionally studied in a celestial coordinate sys-
tem (φ1, φ2) in which the stream is approximately at φ2 = 0 that
was introduced by Koposov et al. (2010). In this coordinate sys-
tem, the leading candidates for the location GD-1’s progenitor are
φ1 = −13◦, −20◦, and −45◦. Making use of Gaia DR2 astrome-
try and Pan-STARRS photometry, Price-Whelan & Bonaca (2018)
finds a significant over-density of stars at φ1 = −13◦ that could cor-
respond to a progenitor cluster in the process of reaching complete
dissolution (Balbinot & Gieles 2018). Price-Whelan & Bonaca
(2018) also notes that they could not rule out the scenario where
the GD-1 progenitor dissolved long ago and the progenitor rem-
nant exists in the form of the deep under-density seen in their den-
sity map at φ1 = −20◦. Alternatively, de Boer et al. (2018) argues
that the progenitor remnant is located at φ1 = −45◦ due to their
detection of an under density along the stream track surrounded by
over-densities on either side using CHFT/Megacam photometry.
In this study, we perform a large suite of direct N-body sim-
ulations of star clusters with the same orbit as the GD-1 stream in
a Milky Way-like potential that range in initial mass, size, and age
to determine the most likely position for the (possibly dissolved)
progenitor. From the collection of models, we find the sets of ini-
tial conditions that best reproduce a stellar stream with the same
location, length and width as the observed GD-1 stream. From our
best-fit simulations, we can then identify where the GD-1 progen-
itor or its remnant is currently located along the stream and what
observational signature it will have. In Section 2 we describe our
analysis of the Gaia DR2 data on GD-1 to extract a new orbital
fit to GD-1 that forms the basis of our simulations and to deter-
mine the density profile along the stream that we use to constrain
the simulations. In Section 3, we give the details of our star cluster
simulations. In Section 4 we compare the length and position of
our model streams, as well as the location and width of individual
gaps along the stream, to the GD-1 stream itself. Finally, in Sec-
tion 5 we constrain the location of GD-1’s progenitor based on our
simulations and summarize our findings.
2 GD-1 DATA
To search for the progenitor of the GD-1 stream, we generate a
suite of direct N-body star cluster simulations with a range of ini-
tial masses, sizes, and ages in an attempt to reproduce a GD-1-like
stream. Comparing the properties of model streams with different
progenitor locations to properties of the observed GD-1 stream will
allow for constraints to be placed on the exact location of GD-1’s
progenitor. However before we can simulate the evolution of GD-
1’s progenitor, we must first know its orbital history. Second, we
need to have an observational dataset of stream stars to compare
our simulations with. In the following, we describe how we deter-
mine our assumed orbit for the GD-1 stream and our method for
extracting GD-1 stars from the Gaia DR2 data.
2.1 The orbit of GD-1
Two recent estimates of the stream’s orbit come from a combination
of Sloan Digital Sky Survey (SDSS) and USNO-B data (Koposov
et al. 2010; Bovy et al. 2016). We combine the data from these
previous estimates with the positions and proper motions of GD-1
stream stars in the Gaia DR2 catalogue (Gaia Collaboration et al.
2016, 2018) to yield a precise estimate of GD-1’s orbit.
To fit an orbit to the GD-1 stream, we make use of the orbit
fitting routine in galpy 1 (Bovy 2015), which fits a single orbit to
a collection of stellar positions and velocities (and their associated
errors) for a given potential using a marginalized χ2 method. For
the purposes of this study, the potential of the Milky Way is taken
to be the MWPotential2014 model from Bovy (2015). The bulk
of the stars used to fit an orbit to GD-1 come from the Gaia DR2
analysis by Price-Whelan & Bonaca (2018), which provides a cat-
alogue of likely GD-1 members. We take the positions and proper
motions of stars along the GD-1 track using the combination of
their proper motion, photometric, and stream-track cuts. However
for these stars, the uncertainty in their distances and line-of-sight
velocities in Gaia DR2 (for those stars that have radial velocity
measurements) is quite large. Therefore we only consider the po-
sitions and proper motions of these stars when estimating GD-1’s
orbit. To compliment the Gaia dataset, we also make use of six es-
timates of the distance to stars along the stream and twenty three
measurements of the line-of-sight velocity of stars along the stream
from Koposov et al. (2010).
We find the best six dimensional orbital parameters near the
middle of the observed stream to be given by
RA = 148.9363998668805◦ (1)
Dec = 36.15980426805254◦ (2)
Distance = 7.555339165941959 kpc (3)
µRA cosDec = −5.332929760383195 mas yr−1 (4)
µDec = −12.198914465325117 mas yr−1 (5)
vlos = 6.944006091929623 km s−1 . (6)
These parameters lead to an orbit for GD-1 that has a peri-
center radius, apocenter radius and orbital eccentricity of approx-
imately of 13.5 kpc, 23.5 kpc, and 0.27 respectively. Given these
values, it is possible to integrate the stream’s orbit backwards in
time and generate model streams of different ages. For illustrative
purposes, we show in Figure 1 the last 100 Myr of GD1’s orbit. It
1 http://github.com/jobovy/galpy
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Figure 1. The last 100 Myr of GD1’s orbit in terms of RA, Dec, distance
from the sun (d) and Galactocentric distance r as functions of φ1.
is interesting to note that the stream is currently undergoing a peri-
galactic pass, with the leading edge of the stream having passed
through pericentre approximately 50 Myr ago. In fact, stars located
at φ1 ∼ −3.1 are currently at pericenter. The previous perigalactic
pass occurred 487 Myr ago.
We emphasize that we use this orbit fit only to get the past
orbit of GD-1 approximately correct. In detail, the observed stream
location does not follow a single orbit exactly (e.g., Eyre & Binney
2011; Sanders & Binney 2013; Bovy 2014), which can have a large
impact when constraining the Galactic potential using streams, but
in practice for GD-1 the difference between the orbit and the stream
is small (Sanders & Binney 2013; Bovy et al. 2016). The past or-
bit also depends on knowing the Galactic potential in the region
that the GD-1 stream passes through and changes to the Galactic
potential will lead to slightly different past orbits. Because we only
attempt to roughly match overall characteristics of the GD-1 stream
below, small changes in the past orbit do not have a significant im-
pact on our results.
2.2 GD-1 stream determination using Gaia DR2
Given an orbital path for the GD-1 stream, it is now possible to gen-
erate a refined dataset of GD-1 stream stars based on their positions,
proper motions, colours and magnitudes that we use to determine
the length, extent, and density of the GD-1 stream. We select stars
by first querying the Gaia DR2 Archive for all stars with parallax
$ < 1 mas, −90◦ < φ1 < 30◦, −6.5◦ < φ2 < 3.5◦, −16 mas yr−1 <
µφ1 cos φ2 < −6 mas yr−1, and −10 mas yr−1 < µφ2 < 5 mas yr−1,
because these cuts encompass the observed GD-1 stream. We fur-
ther require all stars to be matched to the Pan-STARRS catalogue
(Chambers et al. 2016). We make these cuts by rotating all stars
with$ < 1 mas to the (φ1, φ2 coordinate system and performing the
cuts directly in SQL with the query given in the Appendix. We then
use a colour-magnitude filter consisting of a PARSEC isochrone
in the Pan-STARRS magnitude system (Bressan et al. 2012) for
a metallicity [M/H] = −1.35 and an age of 12 Gyr. Placing this
colour-magnitude filter at a distance of 8 kpc and selecting stars
within ∆g− r = ±0.05 and g > 18 clearly reveals the stream; this is
shown in the top panel of Figure 2.
We select GD-1 candidate stars by sliding the colour-
magnitude filter along the distance as a function of φ1 coming
from the GD-1 orbit fit in Section 2.1 and selecting stars with
∆g − r = ±0.03 ± 0.05/3 × (g − 18) with 18 < g < 21 which are
further within ∆µφ1 cos φ2 =
+1.5
−1.0 mas yr
−1, ∆µφ2 = ±1.0 mas yr−1,
∆φ1 = ±1◦ from the orbit fit. The reason for the asymmetric ∆µφ1
cut is that the stream is slightly offset from the orbit fit in this co-
ordinate. Stars selected using this cut are displayed in the second
panel of Figure 2. To estimate the background, we use the same
cuts, except for the ∆φ1 cut, where we instead select stars that are
between 1 and 3 degrees away from the orbit fit on either side; these
background stars are shown in the third panel of Figure 3. It is clear
that for most of the region covered by the stream, the background is
very low, with the background only becoming important at φ1 & 0◦.
We obtain the background-subtracted density as a function of
φ1 for GD-1 by binning the stream candidates and background stars
in ∆φ1 = 2◦ bins and subtracting the density of the background in
each bin. This density is shown in the bottom panel of Figure 2.
We also show the density of the background, which is very low at
φ1 . 0◦, but becomes important at the trailing end of the stream.
The key observational properties of the GD-1 stream that we
are aiming to reproduce with the simulations are the location and
length of the stream in the GD-1 coordinate system (φ1,φ2). Starting
from the density of stream stars in the bottom panel of Figure 2, we
define bins with densities greater than or equal to ten percent of the
maximum density to be part of the GD-1 stream, effectively exclud-
ing the low density ends of the dataset that are poorly constrained
to be stream stars. We then define the location of the stream to be
the bin with the maximum φ1 value (φ1,max) and the length of the
stream to be the distance between φ1,max and the bin with the min-
imum φ1 value (φ1,min). This yields φ1,max = 12.9◦ and a length of
97.8◦. Given our orbital fit to the GD-1 stream, this angular stream
length corresponds to a physical length of approximately 13.9 kpc.
It should be noted that excluding the density peaks on either side of
the well defined gap at φ1 = −20◦ when calculating the maximum
density only shifts the location of φ1,max, and therefore our estimate
of the streams length, by 2◦.
Due to the higher background density at the trailing edge of
the stream, a determination of φ1,max is more uncertain than φ1,min.
However we can use the fact that GD-1 is at pericenter and also
in the process of turning around to perform a sanity check on our
determination of φ1,max. As illustrated in Figure 1, due to the pro-
jection of GD-1’s orbit on to the plane of the sky, stream stars with
φ1 < −44.8◦ are currently moving away from us while stream stars
with φ1 > −44.8◦ are moving towards us. This projection of GD-1’s
orbit means that stars in the trailing tail are moving radially towards
us more than they are moving tangentially across the sky. Stars that
are still approaching pericentre (φ1 > −3.1) are even more strongly
affected by this projection effect, such that stars in the trailing edge
of the stream have little tangential motion. As our models of long
GD-1-like streams will confirm (see Section 4), a longer trailing
stream would cause an increase in the number of stars at 12.9◦ as
the trailing tail approaches pericentre and the turnaround point, not
a lengthening of the stream in the positive φ1 direction. This point
is demonstrated in Figure 1 by the fact that for φ1 > 13◦, the rate at
which the orbit moves across the plane of the sky is much smaller
than the rate at which the orbit is approaching the sun. Since a
building up of stars at positive values of φ1 is clearly not observed
MNRAS 000, 1–9 (2018)
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Figure 2. The GD-1 stream in Gaia DR2. The top panel shows stars selected using a loose colour-magnitude and proper-motion selection; these cuts clearly
reveal the stream and the orbit fit from Section 2.1 is shown for comparison. Using a sliding set of cuts in colour-magnitude and proper motion, we select
a clean sample of GD-1 candidate stars, shown in the second panel. An estimate of the background is obtained using the same cuts applied away from the
stream, this is displayed in the third panel. The resulting background-subtracted density profile as a function of φ1 for GD-1 is given in the bottom panel.
in Figure 2, we are confident that our measurement of φ1,max is a
robust estimate of the GD-1 stream’s trailing edge.
3 DIRECT N-BODY MODELING
To simulate the evolution of progenitor star clusters that pro-
duce a GD-1-like stream, we use a modified version of the di-
rect N-body code NBODY6 (Aarseth 2003) that allows for a power-
law density spherical potential with an exponential cut-off to be
used for the Galactic bulge and a NFW potential (Navarro et al.
1996) for the Galactic halo. These modifications, along with a
Miyamoto & Nagai (1975) potential for the Galactic disc, allow
for MWPotential2014 to be used as the background potential in
our simulations.
Initial cluster conditions are setup using McLuster (Küpper
et al. 2011), where we assume that the initial cluster is represented
by a King (1966) model with W0=2. Clusters are generated with
either 12,000, 16,000, 20,000 or 24,000 stars and initial half-mass
radii of 10 pc, 20 pc, and 30 pc. The masses of individual stars
are drawn from a power-law initial mass function with a slope of
-1.35 for masses between 0.1 and 50 M and then evolved for 12
Gyr assuming a stellar metalicity of 0.001. Then, given our best fit
orbit to the GD-1 stream, we assign model clusters with initial po-
sitions and velocities in the galaxy such that the progenitor cluster
is located near the leading edge of the observed GD-1 stream after
1700 Myr, 2560 Myr, or 3400 Myr. Finally, we also consider 16,000
star models that evolve for 5125 Myr to explore how even longer
lifetimes will affect the observed properties of model streams. Due
to the fact that we only focus on stream ages less than 5125 Myr,
our decision to evolve the masses of individual stars before running
the simulation is acceptable since stellar evolution only affects the
early evolution of star clusters.
4 RESULTS
To constrain the location of the GD-1 progenitor, we find for each
simulation the location and length of the model stream that forms
in the exact same way that we did for the observed stream with
one caveat. Since several model streams still have a dense progen-
itor, we exclude bins within 2.5◦ of the progenitors location when
calculating the maximum density along the stream. This approach
ensures that the relative density between the edges and the central
portion of the stream are the same as in the observed data.
We find that only models where the progenitor cluster is able
to evolve for 3400 Myr in the Galactic potential produce stel-
lar streams that are of comparable length and width to the actual
GD-1 stream by the time they reach the stream’s current location.
Younger clusters will in general have stream lengths that are too
short, as stars have less time to escape the cluster and begin popu-
lating its tidal tails. Similarly, older clusters will in general produce
stream lengths that are too long. However it is important to note
that for a given cluster age, initially extended clusters start losing
mass immediately and will have slightly older tails that are both
longer and thicker than clusters with initially higher densities that
must expand before stars can escape. Hence it is possible, given a
high enough initial density, for older clusters to produce streams
that are comparable to GD1. However the cluster would have to ex-
pand and reach a density that is comparable to the aged 3400 Myr
model clusters considered here, at the appropriate age, to produce
a GD-1-like stream. Hence the aged 3400 Myr model clusters end
MNRAS 000, 1–9 (2018)
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up representing the later evolution of older, high-density clusters
anyway. The older model clusters (5125 Myr) that begin forming
tails immediately also confirmed our statement that a longer stream
results in stars building-up near φ1 = 13◦, as opposed to extending
the stream in the positive φ1 direction, due to the projection of GD-
1’s orbit causing the trailing stream to be primarily moving towards
us. Therefore, in what follows, we only consider models that evolve
for 3400 Myr.
The key observable parameters of the 3400 Myr old model
streams are summarized in Figure 3. The left panels illustrate the
final 75 Myr of evolution of each stream’s length as a function of
φ1,max (top left panel), the location of the progenitor φ1,pro (middle
left panel), and φ1,min (bottom left panel). This time range covers
the progenitor’s evolution across the observed length of the GD-
1 stream. In general, we find that initially more compact clusters
have shorter streams than extended clusters as they require time to
expand before stars can escape and start populating the tidal tails.
Lower-mass clusters also have shorter streams since they reach dis-
solution faster than high mass clusters and stars stop populating the
stream. Comparing the distribution of model stream lengths and lo-
cations to the actual GD-1 stream properties (marked as either a
grey point or dashed grey line in the left panels of Figure 3), we
see that the best-fit progenitor clusters appear to have initially con-
sisted of between 12,000 and 16,000 stars and had initial half-mass
radii between 20 pc and 30 pc. The widths of the best-fitting model
streams are also consistent with the GD-1 stream, as the full width
at half maximum along the stream track is approximately 0.5◦ in
each case.
The model which best reproduces the GD-1 stream (marked as
a thick yellow line in Figure 3), initially consists of 16,000 stars and
has an initial size of 20 pc. When the model progenitor reaches the
location of the trailing end of the GD-1 stream, the model stream’s
length is initially short (67.6◦ or 7.5 kpc) due to it recently being
compressed at pericenter (see Kaderali et al. 2018 for a detailed ex-
planation of this process). The stream is able to extend in length to
94.1◦ (12.7 kpc) by the time the progenitor reaches φ1 = −32 ± 1◦
and the stream has the same φ1,min and φ1,max as GD-1. There is of
course some uncertainty in this estimate, as small changes to the
cluster’s initial size, mass, and age can lead to the progenitor being
at a slightly different location while still yielding a stream with the
same location and length as GD-1. It is clear from the middle, left
panel of Figure 3 that the model stream’s length and location re-
mains largely consistent with that of the observed GD-1 stream for
−30◦ < φ1,pro < −45◦, thus our initial conclusion is that the GD-1
progenitor must be within this range. Its exact location being sen-
sitive to measurements of φ1,min and φ1,max for the observed stream,
which are hampered by low stellar densities at the stream’s edges,
the exact initial conditions of our models, and possible perturba-
tions to the stream density.
The range in φ1,pro values that reproduces both the length and
position of the stream is consistent with the gap in the density at
φ1 = −40◦ (see Figure 2) and the estimate from de Boer et al.
(2018) based an under-density along the track at φ1 = −45◦. Con-
versely, our simulations appear to rule out the progenitor being lo-
cated at the φ1 = −20◦ gap or an over-density at φ1 = −13◦ (Price-
Whelan & Bonaca 2018). For −20◦ < φ1,pro < −10◦, model streams
extend from φ1 = − 70◦ to φ1 = 30◦ with significant density at
φ1 ≈ 20◦, which is inconsistent with Gaia observations. Hence it
is only possible for the progenitor to be in this range if the trailing
edge of the stream has been completely disrupted.
To further constrain the location of the GD-1 progenitor, we
consider the density of stars along the stream as a function of time.
In initially denser models that are high in mass, such that the cluster
has yet to fully dissolve, there is a clear over-density at φ1,pro that is
significantly larger than observed. Conversely, in less dense models
where the cluster has recently dissolved, there is an under-density at
the progenitor cluster’s would-be location as escaped stars continue
to move away from φ1,pro. Therefore, the location and width of a
density peak or gap associated with GD-1’s progenitor will also
be correlated with the location and length of the stream, with the
gap width corresponding to how long ago the cluster dissolved. For
very low-density clusters that have dissolved a long time ago, all
evidence of the progenitor will have completely disappeared as the
initial gap has widened to be of the same size scale as the length
of the stream while the gap itself has become less deep due to stars
that escape the cluster just before dissolution mixing with stars that
escaped the host much earlier.
In the middle right panel of Figure 3 we plot the evolution of
the width of the gap associated with the progenitor as a function
of φ1,pro for models where the cluster has recently dissolved. We
compare the models to the width of the gap at φ1 = −40◦ in the
GD-1 stream, which is 10.2◦, because this is the clearest gap within
our suggested progenitor location range of −30◦ < φ1,pro < −45◦.
For comparison purposes, the time since cluster dissolution ∆Tdiss
is illustrated in the top right panel. We define dissolution as the
time where the number of bound stars first decreases to below 1 %
the initial number of stars in the cluster. The shaded regions in the
panel cover the area where dissolution is defined as the first time
the number of bound stars drops below 2 % and 0.5 % the initial
number of stars in the cluster.
The right panels of Figure 3 demonstrate that our best fit
model is also able to reproduce the width of the φ1 = −40◦ gap
when φ1,pro = −40◦. The gap width corresponds to the cluster reach-
ing dissolution approximately 500 Myr ago. Given the time it took
for stars to initially begin migrating beyond the clusters tidal ra-
dius, the length of time over which the best fit model stream forms
is approximately 2600 Myr. Other models that have comparable
stream lengths and locations all have large gap widths at the pro-
genitors location due to the clusters reaching dissolution over 1 Gyr
ago. The evolution of gap width with time is sensitive to the clus-
ter’s dissolution time, as additional simulations of model clusters
that are either slightly denser or of comparable density but higher
in mass than our best fit model all still have clearly identifiable
over-densities at φ1,pro. Additional simulations of slightly less dense
clusters or clusters that are of comparable density but lower in mass
reach dissolution even quicker than our best fit model and already
have gap widths larger than any gaps in the GD-1 stream by the
time they reach GD-1’s location. Therefore, while our models sug-
gest the gap at φ1,pro = −40◦ is the most likely position of the GD-1
progenitor remnant and that it dissolved 500 Myr ago, we cannot
exclude the scenario that the progenitor is more generally between
−30◦ < φ1,pro < −45◦ and that it reached dissolution so long ago
that any signature of its exact location along the stream has been
erased over time.
5 DISCUSSION AND SUMMARY
We have generated a large suite of direct N-body star-cluster simu-
lations with the purpose of reproducing a stellar stream with the
same observed properties of the well-known GD-1 stream. The
complete suite of simulations includes models that begin with be-
tween 12,000 and 24,000 stars, have initial sizes ranging from 10
pc to 30 pc, and ages between 1700 Myr and 5125 Myr. The models
MNRAS 000, 1–9 (2018)
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Figure 3. Location of GD-1’s progenitor and the key observables. The left panels show the stream length as a function of φ1,max (top panel), φ1,pro (middle
panel) and φ1,min (bottom panel) for model streams as they evolve from 3325 Myr to 3400 Myr of age. The initial size and number of stars in each simulation is
noted in the legend and the observed length and (φ1,min, φ1,max) values are indicated with grey points and lines. The right panels display the width of the gap that
grows after the progenitor fully dissolves in our simulation as a function of time since dissolution ∆Tdiss (top panel) and φ1,pro (middle panel) for select models
with clearly identifiable progenitor gaps. The width is compared to the width of the gap around φ1 = −40◦ in the Gaia data. The dissolution time is defined
as the time where the number of bound stars first drops to below 1 % of the initial number of stars in the cluster. The shaded box around each line outlines the
region where 0.5 % and 2 % of the initial number of stars are still bound. The GD-1 data favour a progenitor location in the range −30◦ < φ1,pro < −45◦; if
the progenitor dissolved after its previous pericentric disc passage ≈ 500 Myr ago, the width of the gap around φ1 = −40◦ in the Gaia data is also naturally
explained.
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Figure 4. Observed location of the GD-1 stream in φ1 versus φ2 (top panel)
compared to the stream in the best-fit simulation at various progenitor loca-
tions (lower panels). The model streams are similar to the observed stream
for φ1,pro ≈ −30◦ and φ1,pro ≈ −40◦.
are compared to properties of the GD-1 stream extracted from the
Gaia DR2 data as described in Section 2.
The subset of models that yield stream locations and lengths
comparable to GD-1 all start disrupting approximately 3400 Myr
ago. Younger models yield stream lengths that are either too short.
while older models would produce streams that are too long. The
model that best reproduce a GD-1-like stream initially consisted
of 16,000 stars and has an initial half-mass radius of 20 pc. As
illustrated in Figure 4, after 3400 Myr the best-fit model stream
reaches the same length and location as GD-1 when the progenitor
is near φ1 = −30◦ (RA, Dec = 156.7◦, 44.1◦). Given the fact that
the model stream’s length stays nearly constant as the progenitor
moves along the stream’s track and the uncertainty associated with
measuring the exact end points of the GD-1 stream, we constrain
the progenitors location to being between −30◦ < φ1,pro < −45◦.
When taking into consideration the properties of the stream at
the progenitor’s location in our models, we are left with two dif-
ferent scenarios for the history of the progenitor cluster. The first
scenario is that the progenitor cluster disrupted only recently, about
500 to 600 Myr ago, such that a small gap has formed along the
stream where the progenitor would be; this gap forms as recently
escaped stars continue to move away from the progenitor remnant
with slightly higher and lower velocities than their host cluster had.
In this scenario, the most likely location of the GD-1 progenitor
is then φ1,pro = −40◦ (RA, Dec = 146.5◦, 37.5◦) where there ex-
ists a clear gap in the stream. As seen in Figure 5, the location
and width of the model cluster’s gap nicely align with the observed
gap around φ1 = −40◦ when the progenitor is at φ1,pro = −40◦.
The predicted dissolution time of the progenitor is consistent with
GD-1’s previous perigalactic pass, at which time the cluster also
passed through the disc at a Galactocentric distance of about 13.5
kpc. Hence the strong tidal field experienced at perigalacticon is
responsible for fully disrupting the progenitor cluster.
In the second scenario, the cluster reached dissolution over
2.5 Gyr ago such that the gap associated with the progenitor has
since spread out to the point that it blends in with the naturally oc-
curring density fluctuations along the stream. In this scenario we
cannot constrain the progenitor’s location beyond being between
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Figure 5. Surface density as a function of φ1 for the observed GD-1 stream
(top panel) and for stars in the best-fit simulation at various progenitor
locations (lower panels). If the progenitor has recently fully dissolved at
φ1,pro ≈ −40◦, the dissolution leaves a gap that is simmilar to the observed
gap at φ1 ≈ −40◦.
−30◦ < φ1,pro < −45◦, consistent with recent estimates by de Boer
et al. (2018), and the GD-1 progenitor would have reached full dis-
solution only a few orbital periods after tidal disruption started, in-
dicating that the cluster must have been of very low mass or con-
centration. An alternative explanation would then be required for
the gap at φ1 = −40◦, which Bonaca et al. (2018) argues is due to a
recent dark matter sub-halo interaction. However, the fact that the
width of the gap and its location along the stream are consistent
with a disruption event during the cluster’s previous perigalactic
pass suggests that the gap could instead be the result of a perturb-
ing substructure in the Galactic disc (e.g., a concentrated molecular
cloud). In both scenarios the stream’s length and width are consis-
tent with the progenitor cluster being actively stripped of stars for
between approximately 2000 and 3000 Myr. It is interesting to note
that a similar age is associated with the Pal 5 stream (Erkal et al.
2017; Bovy et al. 2017), which has a visible progenitor that is how-
ever close to full dissolution as well (Dehnen et al. 2004). This sim-
ilarity suggests that Pal 5 and GD-1’s progenitor clusters are both
accreted clusters that joined the Milky Way during the same merger
event. Constraining the ages of additional stellar streams and tidal
tails may further help piece together the Milky Way’s minor merger
history, beyond what can be inferred from the ages and metallicities
of its globular cluster population (e.g. Kruijssen et al. 2018).
The fact that our models offer an explanation for a major gap
along the GD-1 stream that does not invoke dark matter substruc-
ture highlights the importance of understanding the evolution of a
stream’s progenitor before the stream can be used to constrain the
properties of sub-halos in the Galaxy. Constraining GD-1’s pro-
genitor to being between −30◦ < φ1,pro < −45◦, and possibly even
being located right at φ1,pro = −40◦, represents an important step to-
wards using other gaps and densities along the stream to study the
Milky Way. In particular, we note that deep gap at φ1 ≈ −20◦ cannot
be explained as being associated with the progenitor’s dissolution
in our modeling and it therefore provides a good candidate for a
gap stemming from a perturber. However with streams being sen-
sitive to all manners of substructure, dark and luminous (Amorisco
et al. 2016; Pearson et al. 2017; Banik & Bovy 2018), significant
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modelling of individual streams is required in order to use them as
tools to study the Milky Way.
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APPENDIX A: GAIA DR2 GD-1 QUERY
The basic query used in the Gaia DR2 selection of likely GD-1 members
discussed in Section 2.2 is listed below for reference. Note that this query
does not currently run on the actual Gaia Archive, because it times out, and
to run it we have therefore run it on a local copy of the Gaia database.
1 SELECT
2 gaia.source_id,gaia.ra,gaia.dec,
3 gaia.pmra,gaia.pmdec,
4 gaia.parallax, gaia.parallax_error,
5 gaia.phi1_fromsin,gaia.pmphi1,gaia.pmphi2,gaia.phi2,
6 panstarrs1.g_mean_psf_mag as g,
7 panstarrs1.r_mean_psf_mag as r,
8 panstarrs1.i_mean_psf_mag as i,
9 panstarrs1.z_mean_psf_mag as z,
10 panstarrs1.g_mean_psf_mag_error as gerr,
11 panstarrs1.r_mean_psf_mag_error as rerr,
12 panstarrs1.i_mean_psf_mag_error as ierr,
13 panstarrs1.z_mean_psf_mag_error as zerr
14 FROM
15 (SELECT
16 source_id,ra,dec,pmra,pmdec,parallax,parallax_error,
17 cosphi1cosphi2,sinphi2,asin(sinphi2) as phi2,
18 asin(sinphi1cosphi2/cos(asin(sinphi2))) as
phi1_fromsin,
19 ( c1*pmra+c2*pmdec)/cos(asin(sinphi2)) as pmphi1,
20 (-c2*pmra+c1*pmdec)/cos(asin(sinphi2)) as pmphi2
21 FROM
22 (SELECT
source_id,ra,dec,pmra,pmdec,
23 parallax,parallax_error,
24 -0.4776303088*cos(radians(dec))*cos(radians(ra))
25 -0.1738432154*cos(radians(dec))*sin(radians(ra))
26 +0.8611897727*sin(radians(dec)) as
cosphi1cosphi2,
27 0.510844589*cos(radians(dec))*cos(radians(ra))
28 -0.8524449229*cos(radians(dec))*sin(radians(ra))
29 +0.111245042*sin(radians(dec)) as
sinphi1cosphi2,
30 0.7147776536*cos(radians(dec))*cos(radians(ra))
31 +0.4930681392*cos(radians(dec))*sin(radians(ra))
32 +0.4959603976*sin(radians(dec)) as sinphi2,
33 0.4959604136355941*cos(radians(dec))
34 -0.8683451319068993*sin(radians(dec))*cos(radians(ra-34.59869021803964))
as c1,
35 0.8683451319068993*sin(radians(ra-34.59869021803964))
as c2
36 FROM gaiadr2.gaia_source
37 WHERE parallax < 1.) tab
38 WHERE
39 sinphi2 >= -1 and sinphi2 <= 1.
40 and sinphi1cosphi2/cos(asin(sinphi2)) >= -1.
41 and sinphi1cosphi2/cos(asin(sinphi2)) <= 1.) gaia
42 INNER JOIN gaiadr2.panstarrs1_best_neighbour as
panstarrs1_match ON panstarrs1_match.source_id =
gaia.source_id
43 INNER JOIN gaiadr2.panstarrs1_original_valid as
panstarrs1 ON panstarrs1.obj_id =
panstarrs1_match.original_ext_source_id
44 WHERE
45 phi2 < radians(3.5) and phi2 > radians(-6.5)
46 and phi1_fromsin > radians(-90.)
47 and phi1_fromsin < radians(30.)
48 and (cosphi1cosphi2/cos(asin(sinphi2))) > 0
49 and pmphi1 > -16. and pmphi1 < -6
50 and pmphi2 > -10. and pmphi2 < 5.;
The constants in this query starting at line 23 are those that de-
scribe the transformation between (RA,Dec) and (φ1, φ2). Those in lines 23
through 31 are those from the transformation matrix given in the Appendix
of Koposov et al. (2010). The constants in line 32 through 34 are those
necessary to directly transform proper motions from (RA,Dec) to (φ1, φ2).
They are the sine and minus the cosine of the declination and minus the right
ascension of the north pole of the (φ1, φ2) frame in lines 32/33 and similar
in line 34; these are all straightforwardly calculated from the transformation
matrix of Koposov et al. (2010). The query returns 332,323 stars.
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